Experimental
During the past decade, the analysis of trace metal ions has become a real challenge due to the specificity, accuracy and sensitivity required by ever more stringent regulations. [1] [2] [3] The toxicological effects of metal ions, such as aluminum, on living system, especially on human beings, are now well known. Several recent epidemiological studies investigated the correlation between the uptake of aluminum ions, mostly from drinking water, and the Alzheimer's and Parkinson's diseases, as well as dialysis diseases. [4] [5] [6] [7] [8] Because aluminum is still used as a flocculating agent in potable water treatment units, there is an increasing need for aluminum monitoring in treated and raw water samples. [9] [10] [11] Aluminum monitoring and speciation is also of vital importance in the aluminum industry as a source for light metal materials and light alloys 12 and in ecological impacts of aluminum. 13, 14 Aluminum determination in water samples is generally carried out with classical techniques, such as atomic absorption or emission spectrometry. However, these methods are very time and money consuming, and do not permit real-time or even onsite determinations. Ion-selective electrodes based on solvent polymeric membranes with the incorporation of specific ion carriers have been shown to be very useful tools for metal-ion analyses in different samples, [15] [16] [17] [18] due to their ease of preparation, simple operation, reasonable selectivity, relatively fast response and low cost. Despite the urgent need for Al 3+ ion-selective electrodes for fast and accurate monitoring of aluminum in different industrial, medicinal and environmental samples, there are only limited reports in the literature on Al 3+ sensors to directly determine the aluminum concentration. [19] [20] [21] [22] Thioxanthone (TX) derivatives have been shown to possess very useful medicinal properties. 23, 24 They have been introduced in such processes as surface coating, printing inks, photoresistors and microelectronics. 25 Several TX derivatives have been synthesized and examined in terms of their efficiency as photoinitiators. [26] [27] [28] However, to the best of our knowledge, there is no previous report on the use of TX derivatives as ion carriers in such analytical applications as ion transport through liquid membranes and the preparation of ion-selective electrodes.
Very recently, we have reported on new PVC-based ionselective electrodes for some trivalent metal ions, including Ce 3+ , 29 Fe 3+ , 31 and Yb
3+
. 32 In this work we found that the recently synthesized thioxanthone derivatives 1-hydroxythioxanthone (TX1), 1,3-dihydroxy-thioxanthone (TX2), 1,4-dihydroxy-thioxanthone (TX3), 1,4-dihydroxy-3-methylthioxanthone (TX4) and 1-hydroxy-3-methyl-thioxanthone (TX5) (Fig. 1) can form highly selective 2:1 (TX: metal ion) complexes with Al 3+ ion in a methanol solution. Thus, due to their water insolubility and high tendency for Al 3+ complexation, we examined thioxanthones TX1 -TX5 as neutral ionophores for the preparation of PVC-based membrane sensors for Al 3+ . The membrane based on TX5 resulted in the best response characteristics for aluminum ion. tetraethylammonium perchlorate (TEAP) and tetrahydrofuran (THF) were purchased from Fluka Chemical Company and used as received. The nitrate salts of all cations used (all from Merck) were of the highest purity available and used without any further purification, except for vacuum drying. Doubly distilled deionized water was used throughout.
Synthesis of hydroxy-thioxanthones
The thioxanthone derivatives TX1 -TX5 were synthesized and purified as described elsewhere. 33 General procedure. To a mixture of CH3SO3H 98% (2 ml) and Al2O3 (acidic type, 0.3 g) were added thiosalicylic acid (0.154 g, 1 mmol) and then appropriate phenol (1 mmol). The mixture was stirred and heated in an oil bath at 110 -120˚C for 5 -30 min. The mixture was poured into water and extracted two times with ethyl acetate (20 ml). The organic layer was washed with a saturated solution of sodium bicarbonate (20 ml). The organic layer was dried with calcium chloride and evaporated in vacuum to give a residue, which was not a pure product. Further purification of the products was carried out by simple silica-gel column chromatography. 
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Preparation of electrodes
The general procedure to prepare the PVC membranes was to thoroughly mix 32 mg of powdered PVC, 58 mg of NPOE, 3 mg of TX and 7 mg of OA in 5 ml of THF. The resulting mixture was transferred into a glass dish of 2-cm diameter. The solvent was slowly evaporated until an oily concentrated mixture was obtained. A polyethylene tube of 5-mm i.d. was dipped into the mixture for about 10 s, so that a transparent membrane of about 0.3 mm thickness was formed. After removing the tube from the mixture, it was kept at room temperature for about 1 h. The tube was then filled with an internal filling solution (1.0 × 10 -3 M Al 3+ ). The electrode was finally conditioned for 24 h by soaking in a 1.0 × 10 -2 M solution of aluminum nitrate. A silver/silver chloride electrode was used as an internal reference electrode.
Emf measurements
All emf measurements were carried out with the following cell assembly:
A Metrohm ion analyzer pH/mV meter was used for potential measurements at 25.0 ± 0.1˚C. Activities were calculated according to the Debye-Hückel procedure. 34 
Spectrophotometric measurements
All UV-Vis spectra and the absorbance measurements at fixed wavelengths were carried out on a computerized CECIL spectrophotometer 9000, equipped with an electrical thermostat system. In all measurements, the cell was thermostated at 25.0 ± 0.1˚C.
The ionic strength of all thioxanthone and aluminum nitrate solutions in methanol was adjusted by TEAP at a 3.5 × 10 -2 M. The addition of concentrated Al 3+ solutions (5.2 × 10 -3 M) to a fixed concentration of TX5 (1.7 × 10 -4 M) was carried out using a pre-calibrated micropipette.
Results and Discussion
In preliminary experiments, it was found that the addition of some half an equivalent amount of Al 3+ to methanol solutions of , Cd 2+ and Cr 3+ , showed no observable color change in the thioxanthone solutions. This is most possibly indicative of a selective complex formation of the thioxanthone derivatives with Al 3+ ion in a methanol solution.
In order to determine the stoichiometry and stability of the resulting TX complexes with Al 3+ ion in a methanol solution, the spectra of a series of solutions containing a constant concentration of ligand (1.7 × 10 -4 M) at a fixed ionic strength of 3.5 × 10 -2 M (maintained by TEAP) and 25˚C and varying amounts of the metal ion were obtained (example spectra are shown in Fig. 2 ). As can be seen, the complexation was accompanied by a relatively strong shift of the absorption band of the TX, with two λmax at 313.2 and 404.5 in methanol solution, towards longer wavelengths (i.e., λmax = 343.5 and 473.8 nm, respectively). Such a pronounced effect on the electronic spectra of the thioxanthone derivative could be related to a large change in the conjugation of the ligand molecule brought about by its complexation with Al 3+ ion. 35 The absorbance vs.
[Al 3+ ]/[TX] mole ratio plots obtained at a wavelength of 474 nm for different thiaxanthone derivatives in methanol solution are shown in Fig. 3 . As can be seen from Fig. 3 , in the case of all thioxanthone derivatives, the absorbance-mole ratio plots revealed two distinct inflection points at [Al 3+ ]/[TX] molar ratios of about 1 and 0.5, emphasizing the formation of both 1:1 and 2:1 (ligand-to-metal) complexes in solution, respectively. The formation of 1:1 and 2:1 thixanthone-to-Al 3+ complexes in a methanol solution was further confirmed by using the continuous variation method (Job's method). The formation constants of the resulting complexes between Al 3+ and TX1 -TX5 were evaluated by computer fitting of the corresponding mole ratio data to a previously derived equation 36 using a non-linear curve-fitting program, KINFIT. 37 The resulting K1 and K2 values for all complexes are summarized in Table 1 . As is obvious from Table 1 , the stability of the resulting thioxanthone complexes with Al 3+ ion varies in the order TX5 > TX4 = TX3 > TX2 ≅ TX1.
To investigate the suitability of the thioxanthone derivatives TX1 -TX5 as aluminum ion carries in the PVC membranes, five different membrane electrodes (with the same membrane compositions) with these potential ionophores were prepared, and their potential responses were obtained (Fig. 4) . As can be seen from Fig. 4 , under similar experimental conditions, the membrane based on thioxanthone TX5 shows a Nernstian potential-concentration behavior over a wide concentration range of 10 -2 -10 -6 M. However, the other thioxanthones resulted in either super Nernstian (e.g., TX1 and TX2) or subNernstian slopes (e.g., TX3 and TX4), although in much narrower linear concentration ranges. It should be noted that TX5 possesses the highest lipophilicity and the highest aluminum complex stability among the five thioxanthone derivatives tested. Thus, the thioxanthone derivative TX5 was selected for the preparation of aluminum selective electrodes.
To investigate the potential response and selectivity of the thioxanthone TX5 for different metal ions, it was used as a neutral ionophore to prepare PVC membrane electrodes for a wide variety of cations, including alkali, alkaline earth, transition and heavy metal ions. The potential responses of TX5-based ion-selective electrodes for various ions are shown in Fig. 5 . As is obvious, except for the Al 3+ ion, in all other cases, the slope of the corresponding potential-pM plot was much lower than the expected Nernstian slopes of 59, 29.5 and 19.5 mV per decade for mono-, bi-and trivalent cations, respectively, although over a very limited concentration range. However, Al 3+ ion with the most sensitive response over a wide concentration range could be suitably determined with the membrane electrode based on TX5. This is most probably mainly due to the highly selective behavior of the ionophore for Al 3+ over other metal ions.
The sensitivity and selectivity of the ion-selective membrane electrodes are well known to depend not only on the nature of ionophore, but also significantly on the membrane composition and nature of the plasticizer and additive used. 21, 22, [29] [30] [31] [32] 38, 39 Thus, the influences of the membrane composition and the nature and amount of the plasticizer and additive on the potential response of the Al 3+ sensor were investigated. The results are summarized in Table 2 . Because of the effect of the nature of the plasticizer on the dielectric constant of the membrane phase, the mobility and state of ionophores, [38] [39] [40] it was expected to play a key role in determining the ion-selective electrode characteristics. Table 2 shows that among three different plasticizers tested, the use of NPOE resulted in the best sensitivity and linear range. Moreover, 3% ionophore together with 7% OA, as a suitable additive, was selected for the preparation of an Al 3+ ion-selective electrode with the optional performance characteristics. A comparison between the results given in Table 2 clearly indicates the superiority of OA over STPB, which is commonly employed as an additive in the preparation of PVC-membrane electrodes. 39, [41] [42] [43] We have recently reported the first use of a fatty acid, such as OA, as a very suitable lipophilic additive for including permselectivity to some PVC-membrane selective electrodes. As is obvious from Table 2 , the membrane obtained with the PVC/NPOE/TX5/OA percent ratio of 32/58/3/7 (number 3) resulted in the best potentiometric response.
The proposed Al 3+ electrode was examined at different concentrations of the inner reference solution. Table 2 Optimization of a membrane in gradients for TX5 electrode was measured. It was found that the variation of the concentration of internal solution did not cause any significant difference in the electrode's potential response, except for an expected change in the intercept of the calibration curves. A 1.0 × 10 -3 M concentration of Al(NO3)3 is quite appropriate for proper functioning of the electrode.
The optimum equilibration time for the proposed membrane electrode in a 1.0 × 10 -2 M Al(NO3)3 solution is 24 h, after which it generated a stable potential in contact with Al 3+ ion solutions. They have a very fast response time. The average time required for the electrode to reach a potential within ±1 mV of the final equilibrium value after successive addition of a series of Al 3+ solutions, each having a tenfold difference in concentration, was determined over the entire calibration range. The thus-obtained response times were found to be 5 s or less, over the entire calibration range. The prepared membrane electrodes could be used for at least 3 months without any measurable divergence in their potential responses.
The pH dependence of the proposed Al 3+ -selective membrane sensor was investigated at a 1.0 × 10 -4 M Al 3+ over a pH range of 2.0 -10.0, maintained by a drop-wise addition of concentrated solutions of either HCl or NaOH. The results are shown in Fig. 6 . As can be seen, the potential remains constant over a pH range of 3.4 -5.0, which can be used as the working pH range of the proposed electrode. Meanwhile, the observed potential increase below pH 3.4 can be ascribed to the interference of H + ion, and the diminished potential of the electrode at pH > 5.0 is most probably due to the formation of some aluminum hydroxide species.
The PVC-membrane electrode prepared and operated under optimal experimental conditions shows a linear response to the activity of Al 3+ ion in the range of 2.0 × 10 -2 to 2.0 × 10 -6 M (Fig. 7) , with a Nernstian slope of 19.7 ± 0.3 mV per decade aluminum ion concentration (n = 6). The limit of detection, as determined from the intersection of the two segments of the calibration graph, was 1.0 × 10 -6 M. The standard deviation of ten replicate potential measurements was ± 0.4 mV.
The selectivity behavior, usually expressed in terms of the potentiometric selectivity coefficients, is obviously one of the most important characteristics of an ion-selective electrode, which is the relative electrode response for the primary ion over other ions present in solution. To investigate the selectivity of the proposed membrane electrode, its potential response was investigated in the presence of various interfering cations using the matched potential method (MPM). 44 This method is recommended for eliminating the limitations of the corresponding methods based on the Nikolski-Eisenman equation for determining the potentiometric selectivity coefficients.
These limitations include a non-Nernstian behavior of interfering ions, an inequality of charges of any primary and interfering ions and the activity dependence of the potential values. 44, 45 According to the MPM, 44 the selectivity coefficients are defined as the activity, the ratio of the primary ion (A) and the interfering ion (B) that gives the same potential change in a reference solution. Thus, one can measure the change in the potential upon changing the primary ion activity. Then, the interfering ion would be added to an identical reference solution until the same potential change is obtained. The MPM selectivity is then determined as K A,B MPM = aA/aB. The experimental conditions used for the determination of electrode for the titration of 50.0 ml of 1.0 × 10 -3 Al 3+ with a 0.01 M EDTA at pH = 5 (adjusted by a citrate buffer). The resulting titration curve is shown in Fig. 8 . As can be seen, the amount of aluminum ions can be accurately determined with the proposed electrode.
The applicability of the proposed electrode was tested by its use in recovery studies of different concentrations of aluminum nitrate from tap water. The results are summarized in Table 4 . As is obvious, at all concentration levels, the recovery of Al 3+ was quantitative. The electrode was also successfully applied to the direct determination of aluminum in waste stone samples obtained from Arak Aluminum Production Factory (Arak, Iran). After 1.00 g of a crushed sample was dissolved, its solution was prepared, as described elsewhere. 21 The aluminum content of the solution was determined by the proposed sensor using the calibration curve method. The aluminum content obtained from three replicate measurements, 0.52 ± 0.02%, was found to be in satisfactory agreement with that obtained by atomic absorption spectrometry, 0.50 ± 0.01%.
